Abstract Tomato cultivars (TY20, TY70/84 and TY70/70) were mechanically inoculated with purified virus preparations of Tomato bushy stunt virus (TBSV). Inoculated plant tissues were collected after 1 day, 1 week and 2 weeks post-inoculation. Messenger RNA of the inoculated and healthy plants was scanned using the differential display to discover the up-and down-regulated genes induced or suppressed in the infected plants. Three down-regulated and four up-regulated genes were observed in different molecular weights. Sequence analysis revealed that the 400 bp up-regulated gene of cultivars TY70/84 and TY70/70 was cytochrome oxidase gene. Expression of these genes was higher in the two resistant cultivars more than the control and the susceptible one (TY20). The other four genes belong to the ALY-gene family which possibly function as a chaperone to promote the interaction of DNA-binding proteins.
Introduction
Plant immune system able to develop resistance to pathogens is a phenomenon that has not been well-characterized. Leisner et al. [15] characterized a form of developmental resistance in Arabidopsis to Cauliflower mosaic virus (CaMV) that was related to sink-source relationships. Cole et al. [5] reported that the temporal induction of plant defenses in 'Columbia' may provide a new tool for studying plant defenses in Nicotiana. As microarrays for tobacco become available, it will be useful to examine which genes are specifically turned on in response to the temporal synthesis of specific signals. Tomato bushy stunt virus (TBSV) is a suitable virus for studies of symptom determinants because of its broad experimental host range and the variety of symptoms it induces on different hosts [19] . This small icosahedral virus contains a single copy of a positive sense single-stranded RNA genome of about 4800n nucleotides [12] . Five major open reading frames are encoded by the genome of TBSV. The 5 0 proximal half of the genomic RNA functions as an mRNA for translation of a 33-kDa protein (p33) and a read through product of 92 kDa (p92), both of which are required for replication [30] . The 41-kDa coat protein gene is located farther downstream, and translation of this protein occurs from a subgenomic mRNA [13] . Two small nested genes located near the 3 0 terminus of the genome are expressed via a second subgenomic mRNA that directs synthesis of a 22-kDa protein (p22) and a 19-kDa protein (p19) [11] .
Studies with other Tombus viruses indicate that the p22 analog is necessary for systemic movement; this gene influences symptom severity [6, 26] . Other study revealed that p22 of TBSV is required for cell-to-cell movement; whereas p19 is involved in systemic movement in some hosts but is dispensable in others [30] . P19 plays an important role in plant defense suppression through RNA silencing process although it is not known how P19 comes into contact with siRNAs and whether P19 is recycled during this process [3] . Additionally, Lakatos et al. [14] postulated that RNA silencing spreads through the vascular tissue from the place of initiation to distant parts of the plant, and sequestration of siRNAs by P19 may block the spread of a systemic silencing signal.
Park et al. [23] and Uhrig et al. [33] found that P19 also interacts with members of the ALY-family genes of plant RNA binding proteins. But Zhou et al. [37] revealed that in mouse, Drosophila, human, yeast, ALY proteins are known to be involved in the export of mRNAs from the nucleus prior to translation and are incorporated into the exon junction complex of proteins that mark mRNAs during splicing. In addition, animal ALY is also known to be a transcriptional co-activator that possibly functions as a chaperone to promote the interaction of DNA-binding proteins [34] .
Saiardi and Quagliariello [28] revealed that direct sequencing of cytochrome oxidase subunit III (coxIII) mRNA with a specific primer confirms RNA editing in sunflower (Helianthus annus) mitochondria. Six instances of mRNA editing could be verified, one of these specific to this species. The activity of this enzyme (cytochrome oxidase) is greatly decreased or absent in patients with chronic granulomatous disease, an inherited disorder characterized by a severe defect in host defense against bacteria and fungi [18] .
It was generally thought that the RNA editing which is carried out in the plant mitochondrial cytochrome oxidase gene and phagocytosis in animals evolved to control the diseases especially against bacteria and fungi. RNA editing of the cytochrome oxidase gene and the ALY-family genes play an important defense role against the plant pathogen especially viral infection [4] . These enzymes work by blocking of the viral silencing process during infection of plant cells. The main objective of this study, demonstrating the defensin genes in three susceptible and resistant tomato cultivars inoculated with the TBSV. In addition, studying the expression of the P19 (viral defensin gene) against the plant defense system in one susceptible and two resistant tomato cultivars.
Materials and methods

Propagation of the Egyptian isolate of TBSV
Purified Tomato bushy stunt virus (TBSV) was provided by Dr. Fayza Aref, Faculty of science, Alexandria University, Egypt. The virus was propagated in Lycopersicon esculentum by mechanical inoculation of leaves with purified virus particles. Plants used for inoculation were 15-20 days old. Mock-inoculated plants were manually inoculated with the inoculation buffer (0.01 M phosphate buffer pH 7, 0.5 g Na 2 SO 3 and 1% Celite). Plants were grown at 25-30°C for 2 weeks until the viral symptoms appear.
Resistance and susceptible tomato cultivars and symptoms of TBSV
Leaves from inoculated and healthy plants were collected periodically from the three different varieties (TY70/84 and TY70/ 70, resistant to TBSV, TY20, susceptible to TBSV) and stored at À80°C. The plants were maintained for 2 weeks post-inoculation. This period is enough for the appearance of well characterized symptoms.
2.3. Isolation of total RNA from tomato plant samples and cDNA synthesis About 100 mg of the frozen tomato plant leaves (infected and healthy) was subjected to RNA extraction using mRNA extraction kit (QIAGene, Germany) according to the manufacturer's instructions. For cDNA synthesis, 2.5 ll from RNA was combined with 5 ll of a 2· reverse transcription mixture containing (50 mM Tris-HCl (pH 8.3), 50 mM KCl, 4 mM MgCl 2 , 20 mM dithiothreitol), 2.5 ll dNTPs (4 mM), 1 ll oligo dT primer (Promega), 13 ll of RNAs free water and 1 ll (50 U/ll) of Murine Leukemia Virus (MLV) reverse transcriptase and incubated at 37°C for 1 h, followed by one cycle for inactivating the enzyme at 75°C for 10 min.
Detection of P19 gene in the three tomato cultivars inoculated with TBSV cDNA synthesis
cDNA of the three inoculated tomato cultivars and their control samples was synthesized using the forward primers of P19 (Table 1) , 2 ll of extracted RNA from infected plant, 2 ll (25 mM) dNTPs (Sib Enzyme, Russia), 0.2 ll (20 U/ll) of RT-enzyme, the volume was completed by sterile distilled up to 20 ll. The mixture was incubated at 42°C for 60 min, then at 70°C for 10 min, then hold at 4°C in a thermoycler (Gene Amp 9700, Applied Biosystems ABI, USA) [29] . Table 1 Primers used in this study. (Table 1) , 2 ll cDNA and sterile distilled H 2 O up to 25 ll. The reaction mixture was subjected to amplification as follows: activation for the enzyme 94°C for 3 min, followed by 35 cycles of amplification with denaturation for the DNA at 94°C for 20 s, annealing at 67°C for 30 s, and extension at 72°C for 1 min and final extension cycle at 72°C for 5 min. Finally, the reaction stored at 4°C. PCR products were checked by electrophoresis 1.5% agarose.
Differential display for detection of up-and down-regulated plant defense gene using flavonoid gene primer as arbitrary primers
We used the flavonoid primers as arbitrary because of flavonoid is one of the defensin genes produced against most plant pathogen. Total RNA extract was subjected to cDNA synthesis using one oligo (dT) primer as previously described. The amplified cDNA was used as a template for differential display reaction. The PCR was performed by combining the following; a 25 ll reaction mixture containing; 2.5 ll 10· Taq DNA polymerase buffer, 2.5 ll 50 mM MgCl 2 , 2 ll from each primer (40 Pmol/ll) ( Table 1) , and 0.25 ll of Taq polymerase (AmpliTaq, Perkin-Elmer, 5 U/ll), 2.5 ll from the cDNA, 2.5 ll dNTPase 4 mM and 12.75 ll of dH 2 O. The PCR was performed in 9700 thermal cycler (Perkin-Elmer) and the PCR conditions was performed as following: initial denaturation 95°C for 5 min, followed by 40-cycles (94°C for 1 min; 53°C for 1 min and 72°C for 2 min) and finally extension, 72°C for 10 min. The reaction was stored at 4°C until used. PCR product was separated on 1.5% agarose gel.
Cloning of the up-regulated DNA bands
The resultant PCR product was excised from the gel and purified using a QIA quick gel extraction kit (Qiagen Inc., Germany). Purified DNAs were ligated into the pGEM-T vector (Promega Co., USA). Recombinant DNA plasmids was then sequenced using an automated sequencer (Macrogene Company, Korea), with forward universal primer. DNA homology searches were carried out with the NCB1 data bases, using the BLAST [1].
Nucleotide sequence and sequence analysis
Analysis of nucleotide and deduced amino acid sequences was carried out using EditSeq-DNAstar Inc., Expert Sequence Analysis software, Windows 32 Edit Seq 4.00 (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) and ExPasy database on the internet. Blast search for alignment of the obtained sequence with the published ones was done using database of National Centre for Biotechnology Information (NCBI). DNA nucleotide sequence was submitted into EST GenBank under the Accession Nos. HO054970, HO054971 and HO054972.
Phylogenetic analysis
Phylogenetic analysis was carried out using MEGA4 program Tamura et al. [32] .
Results and discussion
TBSV inoculation and the expression of viral P19 gene
Severe viral symptoms were observed in cultivar TY20 2 weeks post-inoculation. Mild symptoms appeared on the other two cultivars during the same period. P19 gene of the TBSV was isolated using the RT-PCR. P19 expression was higher both in cultivars TY70/70 and TY70/84 but was so low in the cultivar TY20 (based on amplified band intensity). The control samples did not give any PCR products (Fig. 1) . Molna´r et al. [20] revealed that TBSV P19 is a member of a class of plant and animal virus proteins that are known to interfere with host defense mechanism. Canto et al. [3] reported that P19 protein of TBSV is a potent suppressor of RNA silencing and depending on the host species, it is also required for shortand long-distance virus movement and symptom production. This may explain the higher P19 expression (band intensity was high compared with that obtained with the others) with the sensitive tomato cultivars and slightly lower expression in the resistant ones. In addition, the appearance of symptoms was initially observed severe in sensitive tomato cultivars but it was mild in resistant cultivars. These results agree with Dangl et al. [7] that plants also developed the ability to recognize and resist many invading pathogens by inducing a set of defense responses. Ratcliff et al. [25] revealed that the resistant responses, such as hypersensitive cell death, systemic acquired resistance, or posttranscriptional gene silencing (PTGS), can prevent virus infection.
The up-and down-regulated genes obtained by differential display
Three down-regulated and four up-regulated genes were obtained when the three tomato cultivars were examined using two different arbitrary primers, which scan all the mRNA in the examined samples. The disappearance of bands in the inoculated cultivars which already presented in the control Figure 1 RT-PCR for the P19 gene in the inoculated tomato plants using the purified virus after two weeks post-inoculation. M, 1 kbp ladder DNA marker; lane pool, genetic pool for healthy plant of the three examined cultivars (TY20, TY70/84 and TY70/ 70). considered as down-regulated gene. Three down-regulated genes were observed in all samples except in the control tomato (genetic pool from the three cultivars) and the sensitive cultivar TY20. The molecular size of these genes ranged from 9 kbp, 8 kbp to 150 bp. Escaler et al. [8] reported in their studies that viral infection-induced down-regulation of host gene expression. Four upregulated genes were observed with different molecular sizes, 500, 400, 350 and 250 bp, respectively. The upregulated genes were demonstrated in cultivars TY70/70 (200 bp at 1st and 2nd weeks) but it was 500 bp in TY70/84 (at 2nd week). DNA sequence and sequence analysis revealed that the 400 bp upregulated gene of cultivars TY70/84 and TY70/70 was cytochrome oxidase gene (Fig. 2) . A band with molecular size $350 was observed in all the examined tomato cultivars on the first day, the expression increased in the two resistant cultivars but it was very low (low band intensity) in the control tomato plants and in the susceptible cultivars TY20. This band was excised from the sensitive cultivar TY20 (low band expression) and from the resistant cultivars TY70/84 (high band intensity) and sequenced. The sequence analysis of the two bands showed that they were cytochrome oxidase gene. The two sequences showed they were very close to each other but the cytochrome of the sensitive TY20 has deletion in two amino acids in addition to substitution of two amino acids, one at position 74 (M-I) and the other at the position 116 (L-F) (Fig. 3) . Belava et al. [2] reported that resistance of plants to pathogens is determined by complicated interdependent systems, which are genetically controlled. The obtained transcripts of the PR-proteins (PR-1.1 and PR-1.2) exhibited a rapid up-regulation as early as 4 days post-inoculation, reached maximum levels after 16 days followed by downregulation after 32 days. Conversely, maximum expression of the ChiA and the Glu3 was observed following 16 and 32 days post-inoculation, respectively. Additionally, both ChiA and PR-1.1 were expressed at higher levels in the inoculated BW553 compared to the non-inoculated treatment and both Neepawa treatments.
There is a close relationship between the upregulated genes and P19 expression on the resistance tomato cultivars. The expression of P19 was low when amplified from the sensitive tomato cultivar TY20. Cytochrome gene in the resistance cultivars did not have a mutation but it has n the sensitive one, which insures that P19 make silencing for the cytochrome gene in the sensitive cultivar and also the same happened with ALYfamily genes. Moreover, many down-regulation genes were observed in the sensitive cultivar specially when examined by primer H3FH. P19 is responsible for silencing the plant defensin genes during the viral infection [22] . The same observation was postulated by Qiu et al. [24] . They postulated that P19 must be expressed early during virus infection and at high levels so as to inhibit the RNA silencing process before the pool of siRNA, which is itself amplified by host-encoded RNA dependent RNA polymerase, becomes too large. Lakatos et al. [14] demonstrated that RNA silencing spreads through the vascular tissue from the place of initiation to distant parts of the plant, and sequestration of siRNAs by P19 may block the spread of a systemic silencing signal.
Sequence and sequence analysis for the up-and downregulated genes
Sequence analysis revealed that the first two upregulated genes were cytochrome oxidase subunit one with identity 46%. But the other four genes showed identity with the ALY-family genes with similarity 66%. The obtained ALY-family genes showed similarity only with other ALY-family genes of Nicotiana benthamiana. Virus infection-induced host gene downregulation have been investigated mainly in cotyledonary and embryonic tissues [8, 10] . Phylogenetic construction based on nucleotide sequence of cytochrome gene was compared with 18 different cytochrome genes of different organisms. The Neighbor-Joining distance analysis with maximum sequence difference of 0.75 and the topology showed two distinct lineages including the 18 cytochrome genes. This lineage was divided into two groups. The maximum nucleotide sequence divergence was exhibited in lineage I. Meanwhile, the obtained cytochrome genes appeared in the 2nd lineage as monophyletic sister clade (Fig. 4) . P19 interacts with plant ALY proteins and relocalizes a subset of these proteins from the nucleus to the cytoplasm [3] . It could be concluded that the cytochrome oxidase produced in cytoplasm by mitochondria help the cell to control the movement of the viral particles from cell to cell and also to resist the RNA silencing activity of the viral P19 gene. In spite of the mitochondrial cytochrome oxidase C is a highly conserved electron transport protein coded by multiple genes containing regions that evolve at different rates [16] it is considered as kind of defense system against the biotic and abiotic stresses. Maas and Sanjur [17] published partial cytochrome oxidase subunit I (COI) DNA sequences for S. frugiperda strains further substantiating mtDNA sequence divergence in the two strains. The study of host-plant strain variations in the mitochondrial genes that code for cytochrome oxidase c proteins may be of value in determining the evolution of toxin resistance and food preference in animals.
The sequence alignment of cytochrome gene both in resistant and sensitive tomato cultivars
Both amino acids sequences were aligned using Clustal W program and the results presented in Fig. 3 revealed that there were deletion in two amino acids (Threonine and Glutamic Figure 2 Differential display technique using two different primers on three tomato cultivars (TY20, TY70/84 and TY70/ 70) inoculated with spell out TBSV. The samples were taken on three intervals, 1 day, 1 week and after 2 weeks post-inoculation. acid) in cytochrome (FJ712210) which was isolated from the cultivar TY20 as well as there were substitutions in two amino acids in different positions along the gene. The first substitution in the amino acid position 74 is that Methionine was substituted with Isoleucine. The second substitution in the position 116 was Leucine was substituted with Phenylalanine. The results agree with what is postulated by Gallie et al. [9] , moderate downregulation of mRNA for elongation factor 2 (Ef2) was also observed. Senthil et al. [31] and Whitham et al. [36] detected significant induction of mRNA species encoding glutathione-S-transferase and heat shock protein 90 (HSP90). Norman and Gray [21] reported that expression of the remaining two housekeeping genes mitochondrion-encoded cytochrome oxidase subunit I (Cox1) and cyclophilin (Cph) [35] and remained unaffected during virus infection.
Phylogenetic analysis of the ALY-family genes with N. benthamiana
Both DNA and deduced amino acid sequences of the obtained four ALY-family genes were aligned with the other ALY genes of the N. benthamiana plants. Fig. 5 presented that genes FJ712208, FJ712213 and FJ712211 showed similarity with the other Nicotiana genes. The identity was 75% which means that these genes are completely new. The gene FJ712212 was considered as an outer group for the all the other examined genes. Canto et al. [3] and Uhrig et al. [33] reported that by constructing chimeras between two Arabidopsis ALY proteins with different abilities to delocalize P19, we demonstrated that the C-terminal part of the ALY RRM domain influences whether the ALY protein is relocalized in the presence of [27] was used to construct the tree. The numbers on the branches represent bootstrap support for 1000 replicates. Names refer to the accession number of the nucleotide sequences that encode the corresponding cytochrome genes.
P19 from the nucleus to the cytoplasm, whether the P19 protein similarly is localized to the cytoplasm or nucleus, and whether the P19 protein efficiently suppresses RNA silencing. The RRM domain is conserved in all ALY proteins and has been shown previously to be necessary and sufficient for the P19-ALY interaction. It remains to be shown whether the protein interactions and RNA-binding capacities of the ALY RRM domain are directly relevant for P19 siRNA binding and silencing suppression activity or whether the ALY proteins affect P19 function primarily by altering it's sub-cellular location.
Conclusion
The TBSV has the P19 gene which makes gene silencing for the most of the plant defensin genes; between these genes we found the mitochondrial cytochrome genes which might play an important role in suppressing virus infection and preventing its spread inside the plant tissues. In addition, there are many genes such as ALY-family genes which help and support the other disease-resistant genes to diminish the virus infection or at least to stop its distribution into the plant tissues. Mutation in the cytochrome oxidase gene may help in making the tomato TY20 more sensitive to the TBSV infection more than the other two examined cultivar (TY70/70 and TY70/84).
